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Abstract 
On the way to a low carbon or even carbon neutral society there are a number of possible paths depending on political 
and social priorities. The German Federal Environment Agency has therefore been analyzing several “archetypes” of 
a future RE-based power generation. Three radically different scenarios were developed in order to study the 
technical and ecological feasibility of Germany switching to an electricity supply based entirely on renewable sources 
by 2050. Apart from different generation structures, the studies assume different degrees of connection and 
interchange between regions in Germany as well as between Germany and other countries within a Pan-European 
network. 
With the “Regions Network” scenario it has been shown that a 100% RE-based power generation is technically and 
ecologically feasible (English short version: http://www.umweltdaten.de/publikationen/weitere_infos/3997-0.pdf). 
Here, all German regions make extensive use of their RE potentials. Energy efficiency compensates for the rise in 
consumption caused by economic growth, e-mobility, and the use of heat-pumps. The introduction of large-scale 
electricity storage such as Power-to-Gas and the utilization of demand side management potentials plus a well-
developed national electricity transmission grid make substantial contributions to the balancing of load and 
production. The system dynamics between supply and demand were minutely analyzed over 4 consecutive years. 
In the “Local Energy Autarky” scenario, small-scale decentralized energy systems use locally available RE sources to 
satisfy their power demand without being connected with each other or outside suppliers, i.e. without electricity 
imports to Germany. 
The “International Large Scale” scenario addresses the question whether and to which extent a wider network 
reaching across Germany’s borders can be beneficial in terms of the optimal use of REs, the large-scale balancing 
between fluctuating RE feed-in and load, and using storage potentials. 
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1. Introduction 
The idea of a carbon-neutral society, with an electricity supply based entirely on renewable energies, 
was considered a possible future scenario for Germany already in the 1990s. The German 
“Energiewende” in fact started decades ago with the market introduction of renewable energy 
technologies (e.g. feed-in tariffs) as well as initiatives to increase energy efficiency. In 2002, the first 
nuclear energy phase-out act was passed in Germany. After the Fukushima Daiichi nuclear disaster, both 
the federal government’s and the parliament’s consensual decision on the “Energiewende” foresees 
Germany phasing out nuclear energy completely by 2022 while significantly increasing renewable 
energies’ share as well as energy efficiency in coming decades. The recent “Energiewende” program 
formulated a long-term perspective for a transformation of the whole energy system until 2050 and gave 
milestones along the way towards a carbon-neutral, renewable-based, and sustainable power supply. 
In a long-term perspective, there will not be any alternative to that change, not only because of the 
obvious threats posed by nuclear energy (such as further accidents, the nuclear waste problem, ecological 
devastation in those countries where uranium is mined, or terrorist attacks), but above all for climate 
protection reasons. Industrialized countries must take their responsibility and reduce their CO2 emissions 
by 80 to 95 percent by 2050 if the rise in global temperature is to be limited to 2 degrees centigrade above 
the temperature in pre-industrial times. This is crucial for keeping the impacts of climate change within 
tolerable limits. The electricity generation sector has to make a major contribution to the desired emission 
reductions. Geared to using fossil energy sources, this sector is responsible for 40 percent of all energy-
related emissions in Germany. On the other hand, nuclear energy will no longer be available as of 2022. 
These facts, and the crucial role which a reliable energy supply plays for a highly developed industrialized 
country such as Germany, make it obvious that the electricity sector should be given priority attention. 
2. From local autarky to international large scale: three archetypal scenarios 
With this objective at hand the Federal Environment Agency (Umweltbundesamt, UBA) has been 
analyzing several “archetypes” of a future renewable-based power generation. Within this framework 
three radically different scenarios have been developed in order to study the technical and ecological 
feasibility of Germany switching to an electricity supply based entirely on renewable sources by 2050. 
Apart from different generation structures, the studies assume different degrees of connection between 
individual regions in Germany and between Germany and other countries within a pan-European 
network. In the “Local Energy Autarky” scenario, small-scale decentralized energy systems use locally 
available renewable energy sources to satisfy their own power demand without being connected with each 
other or with outside suppliers, i.e. without electricity imports. In the “Regions Network” scenario, 
electricity is exchanged throughout Germany and only a small part of the load is covered by electricity 
imports from neighboring countries. In the “International Large Scale” scenario, Germany’s electricity 
supply is based on all renewable-energy potentials in Germany, Europe and its vicinity which can readily 
be tapped by large-scale technology projects and storage power plants. In this latter scenario, Germany 
imports much of its electricity demand via a well-developed intercontinental transmission grid. 
These three “archetypical” scenarios represent extreme points of a solution space for a renewable 
electricity supply in Germany by 2050. The Federal Environment Agency hopes to show in this way that 
there is not just one technically and ecologically feasible path towards attaining this goal but a whole 
range of possible variants depending on political and social priorities. A real-life future energy supply 
system for Germany will most likely include characteristics of all three scenarios, however. 
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2.1. “Regions network” scenario 
In July 2010, UBA published the “Energy Target 2050: 100% Renewable Electricity Supply” study, 
which presents the results of the “Regions Network” scenario [1]. This scenario assumes that all regions 
in Germany make extensive use of their renewable energy potentials. Efficient energy use in all sectors 
compensates for the rise in consumption caused by moderate economic growth and increased e-mobility 
and use of heat pumps. The introduction of large-scale storage of electricity and the use of demand side 
management potentials make a substantial contribution to the balancing of load and production. A well-
developed national electricity transmission grid ensures large-scale balancing across the various regions. 
The simulations show that under the given assumptions for 2050 the power requirement can be 
covered at any moment at today’s level of supply security and in an ecologically compatible way. 
Fluctuations in renewable energy feed-in can be offset and sufficient balancing power can be provided at 
the same time. Technology leaps are not assumed in this scenario – these outcomes are achievable with 
today’s best available technologies. The potentials identified are sufficient to even cover the considerable 
additional power demand from e-mobility, the wide use of heat pumps for heating and hot water 
provision, and air conditioning. The total PV potentials that were identified for Germany are around 275 
GW. For the model calculations an installed capacity of 120 GWpeak PV was assumed for Germany in 
2050 (around 30 GWpeak at present). The wind potentials are immane, too, which was confirmed by a 
recent UBA study [2]. Still, an installed capacity of 60 GW onshore and 45 GW offshore is sufficient to 
meet the demand assumed in this scenario. Further potentials for hydro and geothermal power as well as 
the use of biomass add to this composing a reliable system of diverse renewable electricity sources. 
Therefore, an electricity supply system based completely on renewable energies as simulated in the 
Regions Network scenario does not compromise supply security. Nor does it increase the dependency on 
energy imports. However, essential prerequisites are a significant increase in reserve capacities for 
electricity generation and storage, the exploitation of the large load management potential as well as 
expanding and modifying existing infrastructure to facilitate this as well as electricity transport, including 
an ambitious expansion of the grid. The political decisions needed to make such a development happen 
must be taken in the years to come. The study devotes a separate chapter to corresponding policy 
recommendations. 
Figure 1 shows the feed-in from renewable energy sources against the load in the 2050 “Regions 
Network” scenario for two different seasons. On the top chart (Fig. 1 (a)) we see a typical situation for a 
winter month with a major share of wind power while photovoltaic does not contribute substantially to 
cover the load. In combination with geothermal and hydro power the wind feed-in even exceeds the load 
at many times thus charging the storage facilities. Between days 23 and 26 there is no sufficient feed-in to 
meet the load, however, which means that stored energy is being utilized. The bottom chart of figure 1 
(Fig. 1 (b)) reflects a typical summer supply situation with a significant feed-in of photovoltaic electricity 
generation and a clearly lower input from both onshore and offshore wind. While the photovoltaic midday 
spikes go together well with the load peaks (as a result of load management), storage capacities need to be 
tapped during night hours when the load is higher than the supply. The crucial part of storing away excess 
electric energy becomes obvious here. Short-term storage facilities such as pump storage power plants 
can balance out deviations between feed-in and load for one to several days. Similarly, demand side 
management functions as virtual short-term storage. Long-term storage systems such as chemical energy 
binding can balance feed-in fluctuations for any time period from days to years. Currently, the benefits of 
methanation in particular are subject to further investigations. 
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Fig. 1: Examples of feed-in from renewable energy sources in the year 2050 for the Regions Network scenario, based on the 
meteorological year 2007 (a) January, (b) August (source: [1]) 
Figure 2 shows a basic concept for the transformation of renewable excess electricity via hydrogen to 
methane with reconversion in combined heat and power plants, gas turbines or combined cycle power 
plants. Methane can be stored in underground spaces, so called cavern and pore storage facilities. As 
required, the chemically bound energy can be reconverted into electricity or used for other purposes.  
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Fig. 2: Concept for the transformation of renewable excess electricity via hydrogen to methane with reconversion in combined heat 
and power plants, gas turbines or combined cycle power plants (source: [1]) 
Chemical storage thus allows for innovative load and generation management. Storage limits the need 
for additional production capacities and reduces stress on the transmission grid, e.g. when methane is 
transported through the existing natural gas grid instead. Therefore much of the electricity from 
renewable energy sources which otherwise could not be absorbed by the grid can be utilized. Beyond that 
both methane and hydrogen can be used in the chemical industry or as alternatives to fossil fuels in the 
transport sector. 
In the meantime, other reputable institutions have also examined the feasibility of an electricity supply 
entirely based on renewable sources and published relevant studies. For example, the publication 
“Pathways Towards a 100% Renewable Electricity System” [3] by the German Advisory Council on the 
Environment SRU or “The Energy Report” [4] by the World Wide Fund For Nature WWF present 
scenarios which show how a 100% renewables-based electricity supply can be realized. The core findings 
are consistent with the results presented here and show that such a system can provide sufficient power at 
any time of year. The same applies to the study “Klimaschutz: Plan B 2050” [5] by Greenpeace. Other 
relevant studies are: “Long-Term Integration of Renewable Energy Sources into the European Energy 
System” [6] by LTI-Research Group, or “Energy Rich Japan: A Vision for the Future” [7] by Lehmann et 
al. 
2.2. “Local energy autarky” scenario 
The scope of the recently published “Local Energy Autarky” scenario [8] is restricted to small-scale 
decentralized energy systems which satisfy their own power demand without being connected with each 
other or with outside suppliers, i.e. without electricity imports. Relying only on locally available 
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renewable energy sources (i.e. solar and wind power as the availability of hydro or geothermal power is a 
rather exceptional case in Germany) to cover the electricity demand, makes electricity storage a necessity 
within the simulation model. The model itself consists of different modules representing electricity 
demand (e.g. for households, commerce and industry), power generation of different renewable 
technologies, and meteorological data, such as solar irradiation, wind speed, and outside temperatures. 
Various basic assumptions were made with regard to future developments such as energy efficiency. 
The simulations were not applied to the whole of Germany but exemplarily to a rural community with 
a low population density and a town district (high population and building density), each with and 
without trade/industry and each at a location in northern and in southern Germany, which are 
representative of the different meteorological conditions affecting the power generation from renewable 
sources such as wind and solar. Several variations were applied to the system, e.g. with regard to the 
share of electricity powered private vehicles or the installed generation capacities per technology. 
The simulation results show that the electricity demand of private households plus the demand for a 
complete shift to (private) e-mobility can be covered by the assumed locally available potentials for 
photovoltaics and wind energy, but only for the rural community and with an immense amount of storage 
required. If compared to the northern location the location in south Germany requires additional effort 
concerning the installed capacity for both electricity generation as well as storage, as the wind potentials 
here are significantly lower than in the North. With the given assumptions and restrictions for this study, 
however, it is not possible at all to establish a self-sufficient electricity supply for the town district as in 
this case there are usually no locations available to put up wind turbines within the city borders. This is 
also true for the rural community if the electricity demand for commerce and industry statistically 
corresponding to the number of inhabitants is taken into account. 
Figure 3 shows the simulation results for the modeled town district at the location in northern Germany 
when only the load of private households with a 50% share of e-mobility is surveyed. The first chart (Fig. 
3 (a)) shows the load of e-mobility (grey line), the load of households (black) and the balance after the 
fluctuating renewable generation over the four consecutive years which were simulated. On the second 
chart (Fig. 3 (b)) the deficits in renewable generation become obvious through the balance after storage 
(red line) as a balanced state can only be reached during summer months while in autumn and winter the 
electricity demand can hardly be satisfied if at all. The green line in Figure 3 (c) shows the storage 
activity which is high during spring and summer when the storage is charged and discharged almost daily. 
In the cold season, however, almost no activity can be observed as the storage is simply empty which is 
illustrated by Fig. 3 (d) showing the storage level. 
With respect to these results it can be concluded that besides a local renewable generation the national 
electricity transport network is an important component for achieving a 100 percent renewable energy 
supply in Germany. On the one hand the large-scale balancing between fluctuating renewable energy 
feed-in and load can be beneficial. On the other hand potentials will have to be tapped where they exist. 
Regions with “excess potential” such as North Germany with its high wind potentials will have to cater to 
regions with a “shortfall” such as the industrial centers of electricity consumption in southern and western 
Germany. 
Thus, the concept sketched in the “Local Energy Autarky” scenario may be a feasible option in 
particular cases under favorable circumstances (e.g. local availability of geothermal and/or hydro power, 
no industrial activities etc.). According to the findings in this study, however, it presents no viable 
alternative for a 100% renewables-based electricity supply, at least not for the whole of Germany. On the 
other hand, there are enough regions in the world with very low population densities yet high renewable 
power potentials where successfully operating energy transmission grids exist only in central areas (if 
any). In such cases, a local autarky approach as described here, or similar “island solutions”, may be a 
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feasible and economical option at once in order to make electricity available in remote areas lacking an 
overlaying energy infrastructure. 
 
Fig. 3: Local autarky scenario, town district in north Germany: Electricity demand of private households with a 50% share of e-
mobility. Balances after fluctuating generation (a), balances after storage (b), storage activity (c), storage level (d) (source: [8]) 
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2.3. “International large scale” scenario 
With the „International Large Scale” scenario currently under progress the question is whether and to 
which extent a wider network reaching across Germany’s borders can be beneficial in terms of the 
optimal use of renewable energies, the large-scale balancing between fluctuating renewable energy feed-
in and load, and using storage potentials. This third “archetypal” scenario features the highest share of 
electricity imports to Germany. Germany’s and Europe’s electricity supply is based here on all renewable 
energy and storage potentials in Germany, Europe and its vicinity (such as the Middle East and North 
African regions) which can readily be tapped through large-scale technology projects (e.g. solar thermal 
energy from North Africa, geothermal energy from southern Europe and Turkey, pump storage power 
plants in Scandinavia, wind power from the British Isles). A well-developed intercontinental transmission 
grid connects generation centers with the centers of electricity consumption as illustrated in Figure 4, 
allowing fluctuations in feed-in of renewable electricity to be balanced out on a Europe-wide scale. 
 
Fig. 4: Schematic of a „super smart grid“ overlaying North Africa, the Mediterranean region, and Europe thus providing long 
distance transport capacities for electricity from renewable sources (source: J. Lillestam, PIK) 
Hence, relative feed-in peaks could be reduced and the contribution which renewable energies, 
particularly wind energy, make to guaranteed capacity could be increased. This could also help to 
considerably reduce the need for storage and power plant reserve capacities. In this scenario, Germany 
imports a significant proportion of its power requirement. Work is currently underway to study the 
technical and ecological feasibility of the International Large Scale scenario and to pinpoint the 
differences to other scenarios, including benefits as well as limitations of this approach. The project’s 
central object is to analyze Germany’s integration into a European grid and to find out whether an 
electricity supply based 100 percent on renewable energy would be possible in 2050 at today’s high level 
 Harry Lehmann and Mark Nowakowski /  Energy Procedia  57 ( 2014 )  1077 – 1085 1085
of supply security. In particular, it aims to determine how supply and demand can be balanced at any 
moment and what technologies are needed to achieve this. 
3. Conclusion 
The studies presented here indicate that the forced extension of the German and European electricity 
network could be beneficial in terms of optimizing energy supply security not only for Germany but even 
more on a European scale if Europe goes for an increasingly renewables based power supply. The 
stronger the networking gets (including centers of big storage capacities such as Scandinavia), the more 
efficient the Europe-wide balancing of the fluctuating feed-in of wind power and photovoltaics will be.  
It was shown that an electricity supply entirely based on renewable sources in Germany by 2050 is 
technically and ecologically feasible and that there are degrees of freedom with respect to potential 
pathways towards such a future depending on the chosen framework. Hence, it is now high time to think 
and talk about the questions where we want to end up and how to get there – regarding electricity 
generation as well as storing technologies, demand side management, and the expansion of national and 
international transmission grids in Germany and Europe. Now is the time to make decisions based on 
society’s and policy’s preferences, set the appropriate political and legal framework, and finally take 
action concerning our future energy mix. 
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